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Abstract 

This report presents an investigation of the interchange reactions and morphology in a 

partially miscible blend composed of bisphenol-A-polycarbonate and Nylons with and 

without polycaprolactone by the use of DSC, SEM and DMTA.   

 

DSC results show that NY6 is faster than NY66 in interchange reaction with PC and 

incorporation of polycaprolactone improves the compatibility of NY66 with PC.  At longer 

heat treatment time, Tgs of both component polymers approach each other, which suggests 

that interchange reaction occurs between two immiscible homopolymers, making them 

homogenize and resultant block and graft copolymers serve as a link between two 

polymers. 

The general features of incompatible and biphasic system were displayed by Scanning 

Electron Microscopy in the morphology of the NY66/PC blends without polycaprolactone.  

In Nylon-rich blends, there is less gap between globule PC and matrix NY66, while PC-

rich blends have a clear gap between the boundaries of NY66 and PC.  The formation of 

voids can be explained considering the different volume contraction occurring during the 

thermal transitions of the two polymers.  Polycaprolactone changes the morphology of 

NY66/PC blend, in which distributed globule sizes become small and deviation of the 

globule sizes is decreased.  This implies that polycaprolactone serves as a thermodynamic 

plasticizer controlling the particle size, and it can reduce the melt viscosity of the PC. 

Two kinds of mode, 3-point bending  and tensile mode, were used in Dynamic Mechanical 

Thermal Analysis.  Two Tgs are present in most compositions except those between 20/80 

and 5/95 (NY66/PC wt%), in which Tg of NY66 was not detected.  Tg of PC was decreased 

largely in 95/5.  These results may explain immiscibility in most compositions and partial 

miscibility of each abundant proportion of component, which maybe enable an interchange 

reaction.  Polycaprolactone shows a huge effect in lowering Tgs of NY66/PC blend. 
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CHAPTER 1. Literature Review 

of Polymer Blends 

 

 

Mixing two or more polymers together to produce blends or alloys is a well-established 

strategy  for achieving a specified portfolio of physical properties, without the need to 

synthesise polymer systems. The subject is vast and has been the focus of much work, both 

theoretical and experimental.  Much of the earlier work in this field was necessarily 

empirical and many of the blends produced were of academic rather than commercial 

interest. 

The manner in which two or more polymers are compounded together is of vital 

importance in controlling the properties of blends.  Moreover, particularly through detailed 

rheological studies, it is becoming apparent that processing can provide a wide range of 

blend microstructures.  Fundamental researches are concerned with the theoretical and 

experimental problems inherent to miscibility in high molecular mass compounds.  The 

phenomenological aspects of hundreds of different systems are deeply investigated, but, up 

to date, a full understanding of the subject has not been achieved.  Nevertheless, the 

technology of polymer blends has been recently taken notice of as an important method of 

transforming the properties of polymers according to the various demand of polymeric 

materials. 
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Several factors in polymer blends such as compatabilization and rheology are reviewed in 

this chapter to understand a basic theory of this system prior to dealing with the Nylon and 

Polycarbonate blends. 

 

1. Compatibilizatin and reactive blending 

1-1. Introduction 

The achievement of compatibilization, whether by addition of a third component (a so-

called ‘compatibilizer’) or by inducing in situ chemical reaction between blend 

components (reactive blending), has played an important role in the development of 

polymer blends.  Indeed most commercial blends are considered to be compatible.  The 

first question must therefore be ‘what do we mean by compatibility?’ The answer is not 

necessarily straightforward, as many workers in the past have used different definitions. 

Compatibility is frequently defined as miscibility on a molecular scale.  This undoubtedly 

has the merit of clarity, but the disadvantage of confining the definition of compatibility to 

encompass only those blends showing true thermodynamic miscibility, and thereby 

excluding a very large number of blends, both academically studied and commercialised, 

which many workers would consider compatible.  Another way of defining compatible 

blends is as polymer mixtures which do not exhibit gross symptoms of phase separation.  

This widens the scope considerably, and it is certainly true that most compatibilised blends 

contain very finely dispersed phases, but the definition still excludes some blends which 

have been modified to facilitate the generation of a preferred, but not necessarily fine, 

morphology and hence preferred physical properties.  A third definition is simply to 
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consider blends as compatible when they possess a (preferably commercially) desirable set 

of properties.  This leaves unanswered the question of how this is achieved, and therefore 

allows the materials developer free rein to exploit any avenue which will lead to a 

technologically useful product. 

 

1-2. Compatibilization mechanisms 

In most cases, melt mixing two polymers results in blends which are weak and brittle; 

while the low deformation modulus may follow an approximately linear mixing rule, the 

ultimate properties certainly will not.  This is because the incorporation of a dispersed 

phase in a matrix leads to the presence of stress concentrations and weak interfaces, arising 

from poor mechanical coupling between phases.  It is most common for compatibilization 

to be achieved by addition of a third component, or by in situ chemical reaction, leading to 

modification of the polymer interfaces in two-phase blends, and thereby to tailoring of the 

phase structure, and hence properties.  The factors contributing to end-use properties 

during manufacture of a blend by melt compounding, and subsequent conversion 

processing to produce a finished article, are illustrated in Fig.1-1.  The mechanical 

properties of a blend or alloy will be determined not only by the properties of its 

components, but also by the phase morphology and the interphase adhesion, both of which 

are important from viewpoint of stress transfer within the blend in its end-use application.  

The phase morphology will normally be determined by the processing history to which the 

blend has been subjected, in which such factors as the process (mixer type, rate of mixing 

and temperature history), the rheology of the blend components and the interfacial tension 

between phases in the melt are important.  The phase morphology is unlikely to be in 
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thermodynamic equilibrium, but generally will have been stabilized against de-mixing by 

some method or other; this usually means via quenching to below the glass transition 

temperature of one or both phases, or via the occurrence of crystallinity in one or both 

phases, or occasionally by crosslinking. 

    INTERFACIAL 

        TENSION  

       IN MELT (*) 

    RHEOLOGY  

            OF  

   COMPONENTS 

       PROCESS   

   (TYPE, RATE, 

TEMPERATURE) 

          STABILIZATION 

Figure 1-1. Summary of the factors contributing to end-use properties in melt compounded 

blends, highlighting the role of compatibilizers(*). 

   COMPONENT 

   MECHANICAL 

    PROPERTIES 

         PHASE 

  MORPHOLOGY 

  INTERFACIAL 

    ADHESION (*) 

     MECHANICAL PROPERTIES OF BLEND   
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In any case, it is readily understood that compatibilization can be in principle interact in 

complex ways to influence final blend properties.  One effect of compatibilizers is to 

reduce the interfacial tension in the melt, causing an emulsifying effect and leading to an 

extremely fine dispersion of one phase in another.  Another major effect is to increase the 

adhesion at phase boundaries, giving improved stress transfer.  A third effect is to stabilize 

the dispersed phase against growth during annealing, again by modifying the phase-

boundary interface.  In practice it is likely that all these effects will occur to some extent 

with addition of a particular compatibilizer, and that other effects (such as modification of 

rheology) may also occur. 

 

1-3. Methods of compatabilization 

Pursuing our technological definition of compatibilization as modification of blends to 

produce a desirable set of properties, it is perhaps unhelpful to attempt to categorize 

methods too narrowly.  However, a number of different lines of approach can be defined  

which may assist the materials developer. 

Broadly these are: 

  1. Achievement of thermodynamic miscibility. 

  2. Addition of block and graft copolymers. 

  3. Addition  of functional/reactive polymers. 

  4. In situ grafting/polymerization (reactive blending) 

There is clearly overlap between these approaches, and which to use will depend on the 

requirements of the situation.  For example, polymer manufacturers may have the scope to 

tailor their materials during production to facilitate compatibilization, whereas producers 
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of technological compounds, or polymer converters, are likely to be restricted to the use of 

commercially available polymers.  Clearly economic factors will also play a substantial 

part in deciding how to proceed. 

 

1-3-1. Thermodynamic miscibility 

Compatibilization by the achievement of true thermodynamic miscibility is a concept 

which has been exploited in only a handful of situations to produce commercial blends, the 

most striking example being blends of polyphenylene oxide (or polyphenylene ether) with 

polystyrenes.  Briefly, it is recognized that miscibility between polymers is determined by 

a balance of enthalpic and entropic contributions to the free energy of mixing.  While for 

small molecules the entropy is high enough to ensure miscibility, for polymers the entropy 

is almost zero, causing enthalpy to be decisive in determining miscibility.  The change in 

free energy on mixing(ΔG) is written as 

 ΔG = ΔH - TΔS 

where H is enthalpy, S is entropy and T is temperature.  For spontaneous mixing, ΔG must 

be negative, and so 

 ΔH - TΔS < 0 

This implies that exothermic mixtures (ΔH < 0) will mix spontaneously, whereas for 

endothermic mixtures miscibility will only occur at high temperatures.  For two-

component blends it is possible to construct a phase diagram, which may exhibit lower or 

upper critical solution temperature (LCST or UCST) shown in Fig.1-2.  In practice, LCST 

behaviour is more commonly seen, phase separation occurring as temperature increases, 
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because the intermolecular attractive forces responsible for the miscible behaviour tend to 

disappear as the internal energy of the molecules becomes high enough to overcome them.   

 

 

TE
M

PE
RA

TU
RE

UCST

  LCST

TE
M

PE
RA

TU
RE PHASE

SEPARATED

SINGLE

PHASE
 COMPOSITION  COMPOSITION  

Figure 1-2. Schematic phase diagram for binary blends showing LCST and UCST 

 behaviour. 

 

In principle it should be possible to tailor the structure of polymers in some circumstances 

to modify their phase diagram in blends, and thereby to achieve miscible blends.  In 

practice the development of miscible blends has been empirical, and the state of the art is 

such that prediction of miscibility is arguably not a realistic option currently available to 

the materials developer.  However, it is interesting to note that examples exist in the 

literature where addition of a third component to a blend has caused a phase change from a 

two-phase to a single-phase system. 
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1-3-2. Addition block and graft copolymers 

The addition of block or graft copolymers represents the most extensively researched 

approach to compatibilization of blends.  Block copolymers have been more frequently 

investigated than graft copolymers, and in particular block copolymers containing blocks 

chemically identical to the blend component polymers.  It is perhaps not surprising  that 

block and graft copolymers containing segments chemically identical to the components 

are obvious choice as compatibilizers, given that miscibility between the copolymer 

segments and the corresponding blend component is assured, provided the copolymer 

meets certain structural and molecular weight requirements, and that the copolymer locates 

preferentially at the blend interfaces.  The classical view of how such copolymers locate at 

interfaces is shown in Fig.1-3, and  experimental verification that this happens has been 

found for many systems.  

 

 

INTERFACE

PHASE A

PHASE B

GRAFT BLOCK  

Figure 1-3. Schematic diagram showing location of block and graft copolymers at phase 

interfaces. 
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Copolymer structure and molecular weight have important influences on their 

effectiveness as compatibilizers.  The effect of different copolymer types on the 

compatibility of PE/PS blends has been studied extensively.  Using ultimate tensile 

properties of the blends as a yardstick for compatibilizer effectiveness, it is concluded that; 

  1. Block copolymers were more effective than graft copolymers. 

  2. Diblock copolymers were more effective than triblock or star-shaped copolymers. 

  3. ‘Tapered’ diblock copolymers were more effective than pure diblock copolymers. 

As far as molecular weight is concerned , solubilization of a discretely dispersed 

homopolymer into its corresponding domain of a block copolymer compatibilizer only 

occurs when the homopolymer molecular weight is equal to or less than that of the 

corresponding block.  However, stabilization of a matrix homopolymer into its 

corresponding domain of a block copolymer compatibilizer will occur even if the 

molecular weights are mismatched.  In a pragmatic view a balanced molecular weight is 

needed for copolymer compatibilizers; the segments need to be long enough to anchor to 

the homopolymer (i.e. to solubilize) but short enough to minimize the amount of 

compatibilizer needed, and to be cost-effective. 

The requirement that the copolymer should locate preferentially at the blend interfaces also 

has implications for the molecular weight  of the compatibilizer.  Both the thermodynamic 

‘driving force’ to the interface and the kinetic ‘resistive force’ to diffusion increase with 

molecular weight, suggesting that high molecular weight copolymers may be used if 

sufficiently long times are available during the process, but that lower molecular weights 

must be used if available diffusion times are short. 

While copolymers with blocks of chemical composition identical to those of the two 

homopolymers present the best technical option for compatibilization, such materials 
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suffer a number of disadvantages; they are often not commercially available or only 

available at high cost, and may limit flexibility, needing to be tailor-made for a particular 

blend.  For these reasons commercially used compatibilizers are often multicomponent 

materials, and frequently rely on miscibility or the presence of some other interaction to 

achieve a compatibilizing effect with one or more blend components.  For example, 

ethylene-propylene (EP) copolymers, which contain a large number of randomly 

polymerized units, in addition to ethylene and propylene blocks, have found some success 

as compatibilizers for blends of PE and PP.  Another example is the use of commercially 

available styrene-ethylene/butene-styrene(SEBS) triblock copolymers, which have proved 

effective in compatibilizing blends of HDPE with PET. 

 

1-3-3. Addition of functional polymers 

The addition of functional polymers as compatibilizers has been described by many 

workers.  Usually a polymer chemically identical to one of the blend components is 

modified to contain functional (or reactive) units, which have some affinity for the second 

blend component; this affinity is usually the ability to react chemically with the second 

blend component, but other types of interaction (e.g. ionic) are possible.  The functional 

modification may be achieved in a reactor or via an extrusion-modification process.  

Examples include the grafting of maleic anhydride or similar compounds to polyolefins, 

the resulting pendant carboxyl group having the ability to form a chemical linkage with 

polyamides via their terminal amino groups.  Functionalized polymers (usually maleic 

anhydride or acrylic acid grafted polyolefins) are commercially available at acceptable cost 

to be used as compatibilizers. 
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1-3-4. Reactive blending 

A comparatively new method of producing compatible thermoplastic blends is via reactive 

blending , which relies on the in situ formation of copolymers or interacting copolymers.  

This differs from other compatibilization routes in that the blend components themselves 

are either chosen or modified so that reaction occurs during melt blending, with no need 

for addition of a separate compatibilizer.  This route has found commercial application, for 

example in blends of polycarbonate and polyesters, and toughened polyamides, which are 

blends of polyamides with graft-functional polyolefin elastomers.  Graft-functionalized 

elastomers, produced by melt modification, are also commercially available for toughening 

Nylons.   

Although batch-type melt mixers may be used for reactive blending, continuous processing 

equipment such as single- and twin-screw extruders are often preferred.  As well as the 

advantages of continuous production, these units generally have better temperature control, 

and can be designed to allow for removal of unwanted reaction products by 

devolatilization.  A number of reactive mechanisms may be exploited: 

  1. Formation in situ of graft or block copolymer by chemical bonding reactions     

between reactive groups on component polymers; this may also be stimulated, for 

example, by addition of a free radical initiator during blending. 

  2. Formation of block copolymer by an interchange reaction in the backbone bonds of the 

components; this is most likely in condensation polymers. 

  3. Mechanical scission and recombination of component polymers to form graft or block 

copolymers.  This is generally induced by high shear levels during processing. 

  4. Promotion of reaction by catalysis. 

  



Chapter 1. Literature Review of Polymer Blends 12 

The area of reactive blending is one in which there is currently a great deal of development 

activity, and much proprietary knowledge. 

 

1-4. Future trends 

Compatibilization of blend components is a major consideration when designing blends 

and is often the primary criterion for commercial success.  Hence much of the 

compatibilization technology which exists is proprietary information.  This situation is 

unlikely to change in today’s increasingly competitive market place. 

The major future challenges and developments for compatibilization technology lie in 

three main areas of blending: engineering polymer blends, superior performance 

commodity polymers and polymer recycling.  In the first two areas the primary objective is 

to produce a material where some specific property is enhanced.  This blending option is 

very often a significantly more cost-effective route to producing an improved material than 

developing a completely new polymer.  Development costs for a blend can be relatively 

low and capital investment minimal, particularly if compounding equipment already exists. 

Many of the developments in engineering polymer blends are aimed at applications where 

very high performance is required, such as aerospace products.  For example an 

engineering polymer blend which appeared in recent patent literature was a 

polyetherimide/copolyester liquid crystal polymer combination, where a material with high 

heat distortion temperature and flexural modulus was produced.  Although the mechanism 

was not disclosed it seems likely that compatibilization in this system is achieved via a 

similar reactive route to that used in polycarbonate/polyester blends.  This 
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compatibilization route seems an attractive one which merit development for other systems 

in the future. 

In terms of improving the properties of commodity polymers some blends have already 

been discussed previously.  The properties to be improved include mechanical properties, 

like toughness and stiffness, thermal properties such as melting and softening points, 

permeation performance and chemical resistance.  Applications for improved performance 

commodity polymers include automotive parts, business machines, hand tools, consumer 

products and household appliances.  Specific examples of such blends include 

polyamide/polypropylene combinations where compatibilization is achieved by addition of 

a third component, a functional polyolefin.  These blends can exhibit improved thermal 

properties over unmodified polyolefins and improved permeation resistance to solvents.  It 

is likely that development activity on commodity polymer blend systems, and hence 

suitable compatibilization routes, will increase, particularly for polyolefin based materials 

in automotive applications, where polyolefins are favoured from the point of view of 

recyclability. 

The area of polymer recycling itself is a very important issue for the industry today.  There 

are environmental pressures on industry to recycle polymers, particularly those used in 

packaging applications, which are often discarded as waste.  Most post-consumer waste 

streams are mixtures of many different polymers and if recycling of this waste is carried 

out then very often the production of multicomponent blend result, which is technically 

and economically more favourable than separation of the waste into its constituent 

polymers.  Production of such blends will, however, provide significant challenges in 

terms of compatibilization, as a result of the potential complexity of the mixture, which 

may contain polyethylene, polypropylene, PVC, polystyrene, polyamide and other 
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polymers, such as barrier polymers.  Although many of the compatibilization routes 

discussed earlier could be utilized to some extent, more versatile compatibilizers may be 

required.  Development of these compatibilizers is taking place and some are already 

commercially available.  One such materials is Bennett, which is produced by Bennett BV 

and marketed as a ‘universal compatibilizer’.  Although the structure of Bennett has not 

been disclosed it appears to be a thermoplastic polymer containing a range of different 

functional groups.  This facilitates reaction with a number of polymers to form block 

copolymer in situ, which in turn have a compatibilizing effect in polymer mixtures. 

As the number of blends grows, as is predicted, then the need for specific 

compatibilization routes will continue to be a much researched field.  In addition to 

producing universal compatibilizers, like Bennett, specific compatibilizers will certainly 

continue to be developed.  One approach of growing interest is molecular modelling, in 

which molecular response is modelled with respect to the molecule’s immediate local 

environment.  This may in future allow tailoring of molecular structure interactions, which 

in turn may allow the development of‘ ‘designer’ compatibilizers. 
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2. Rheology of polymer blends 

2-1. Introduction 

Polymer materials may be grouped in different ways.  An overview of the most common 

two-phase systems consisting  of polymers is shown in Fig.1-4.  For polymers there may 

be at least three distinct three distinct objectives of rheological work : 

  1. To develop fundamental understanding of material behaviour in order to develop 

rheological equations of state. 

  2. To use the simplest possible laboratory investigation in order to find relationships with 

processing practice to govern and predict processing properties of polymer materials. 

  3. To develop relationships between measures of polymer structure and properties, in this 

case rheological properties.  If such relationships have been established, rheological 

data can be used for characterization of, say, average molecular weight, determination 

of branching in polymers, etc. 

The establishment of valid rheological equations is an active research field.  A very large 

body of possible equations has been established.  The behaviour of a polymer during flow 

is not easily predicted.  A general rheological equation must be formulated, the right 

boundary conditions for a specific case established, the problem defined and solved.  This 

process is not straightforward because polymer compounds are normally much more 

complex than pure homopolymers and the limiting conditions for flow, e.g. melt fracture, 

the existing rheological equations, etc., can not be predicted accurately.  In many 

commercially available CAE programs, e.g. ‘Mould Flow’, very simple rheological 

equations often based on steady-state flow measurements in simple flow are used.  
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     Figure 1-4. Microstructure of polymer blends and alloys. 

 

2-2. Experimental measuring data obtained in simple flow fields 

As mentioned above, the evaluation of flow behaviour may be confined to a few well-

defined simple flow cases in order to make an attempt to interpret more easily the 

anomalies of thermorheologically complex systems.  The definitions of the applied 

rheological functions are outlined briefly in the following sections. 

2-2-1. Definitions 

If any sample is subjected to a force, it may behave in a variety of ways.  A large force, 

suddenly applied, will often break the material, but a small force will deform it.  Liquids 

will flow when a force is applied, depending on their viscosity, η.  Some solids may 

deform elastically, returning exactly to their former shape and size when the force is 

withdrawn.  Others may behave viscoelastically, showing behaviour which incorporates 
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both flow and elastic deformation.  With many materials, there is an elastic limit above 

which the material undergoes plastic deformation which is irreversible.  Further increase in 

load eventually causes fracture.  The parameters, symbol and terminology that will be used 

for studying mechanical properties must be estabilished, and the symbols are illustrated in 

Fig.1-5. 

 

Figure 1-5. Schematic of types of deformation: (a) tensile (b) shear (c) three-point bending 
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The stress is the force applied per unit area.  This may be 

a normal tensile stress: σ = F/A 

or  a tangential, shearing stress: τ = F/A 

All of these will have units of N/m2, or Pa. 

This stress will cause a deformation measured by the strain, which is the deformation per 

unit dimension, for example: 

tensile strain or elongation: ε = Δl l/  

or  shear strain: γ = Δx y/  

Strain has no units. 

For an elastic material, Hooke’s law applies and strain is proportional to stress, the 

constant being the modulus: Modulus = stress/strain  

Tensile, or Young’s modulus: E = σ/ε 

Shear modulus: G = τ/γ 

The distortion, where increasing the length l of a material also decreases the breadth b, is 

measured by Poisson’s ratio: 

Poisson’s ratio; ν = ( / ) / ( / )Δ Δb b l l  

This is generally between 0 and 0.5. 

The moduli are related to each other for isotropic materials: 

  G = E/(2(1+ν)) 

Three-point bending is shown in Fig.1-5(c).  If a bar of width b and depth a is supported by 

two knife edges a distance l apart, and loaded centrally with a force F, it may  be shown 

that the deflection y is given by: 

 y = Fl3/(4ba3E) 
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2-2-2. The steady shearing flow field 

Consider a flow geometry consisting of two infinitely long, parallel planes forming a 

narrow gap filled with a fluid.  The plates are separated by distance H, which is very small 

compared with the width, W, of the plane(i.e. H << W), as shown schematically in Fig.1-6.  

The velocity field of the laminar at steady-state between the two planes is given by 

  νx = f(y),   νz = νy = 0 

Referring to Fig.1-6, the lower plane is stationary (i.e. νx (0)= 0), and the upper plane 

moves in the x direction at a constant speed, νx, i.e. νx(H) = Vx.  

The velocity gradient, dνx/dy is then constant, i.e. 

& /γ = =xdv dy constant  (1-1) 

where &γ  is the shear rate.  

In steady simple shearing flow the stress tensor may be written 

σ
σ σ
σ σ

σ
=
⎧

⎨
⎪

⎩
⎪

⎫

⎬
⎪

⎭
⎪

xx xy

yx yy

zz

0
0

0 0
 (1-2) 

where the extra stress tensor σ = S + P·δ (S is the total stress tensor, P is the hydrostatic 

pressure and δ is the unit vector).  The subscript x denotes the direction of flow in Fig.1-6, 

y denotes the direction perpendicular to the flow and z denotes the neutral direction.  σxy = 

σyx  is the shear stress and σxx, σyy and  σzz are normal stresses.  
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Three material functions are sufficient to describe the stress-shear rate dependence in 

simple shear flow.  These are normally defined by  

yx xx yyσ η γ γ σ σ ψ γ γ= − =( & ) & , ( & ) &1
2  

and       yy zzσ σ ψ γ γ− = 2
2( & ) &

where η γ( & )  is the viscosity function and 1ψ γ( & )  and 2ψ γ( & )  are the first and second 

normal stress coefficients, respectively.  The experimental techniques most used for the 

determination of the rheological functions in simple shear involve the use of capillary 

viscometers (Poiseulle flow), coaxial cylinder viscometers (Couette flow) and cone and 

plate viscometers. 

H

Vx

Vx

x

y

 

Figure 1-6. Schematic diagram of simple shearing flow. 
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2-2-3. Dynamic data (Oscillatory shear flow) 

The displacement gradient dx/dy (Fig.1-6) is known as the shear strain and given the 

symbol γ  

γ = =
dx
dy

constant (dimensionless)  

The time rate of change of shear strain &γ (the dot is Newton’s notation for the time 

derivative) is the shear rate given in Eq.(1-1). 

If a linear viscoelastic fluid is subjected to a sinusoidally varying shear strain, γ in Fig.1-6, 

the measured stress, σ, will also vary sinusoidally but normally out of phase with the 

strain, i.e 

γ γ ω= o tcos  (1-3) 

σ σ ω δ= o tcos( )+  (1-4) 

where γo and σo are the maximum values of strain and stress, respectively, ω is the circular 

frequency, t is time and δ is the phase angle. 

The analysis of dynamic data is most easily performed by introducing complex quantities.  

A complex shear strain and shear stress may be defined as follows : 

γ γ ω ω γ ω γ γ∗ = + = = ′ + ′′o ot i t i t i(cos sin ) exp( )  (1-5) 

and 

∗ = + + + = +σ σ ω δ ω δ σ ω δo t i t i t(cos( ) (sin )) exp( ( ))o  (1-5) 

where  

∗ = =σ σ σ σo and Re ∗  (1-6) 

Using the definitions given in equations (1-5) and (1-6), a complex modulus, 
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*G G iG≡ = ′ + ′′
∗

∗
σ
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 (1-7) 

and a complex viscosity 
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both of the rheological significance, may be defined. 
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∗ =
+

= + ′ =G G i t
i t

i or Go

o

o

o

o

o

exp( )
exp( )

(cos sin ) cosω δ
γ ω

σ
γ

δ δ σ
γ

δ  

and 

′′ =G oσ
γ

δ
0

sin  

and 

∗
∗

∗= =
′
+

′′⎡
⎣⎢

⎤
⎦⎥
=

′′
−

′η σ
ω γ ω ω ω ωi

i
i

G
i

iG
i

G iG  

or 

′ =
′′

′′ =η
ω

η
ω

G and G  

where ′η ω( )  is the dynamic viscosity and ′G ( )ω  is the storage modulus.  ′G  and ′′η  can 

be shown to be associated with energy storage and release.  ′′G ( )ω  is called the loss 

modulus.   and ′′G ′η  are associated with the dissipation of energy as heat. 

A large number of instruments can be used to measure these rheological functions. 
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2-2-4. Uniaxial elongation flow 

A flow field of great practical importance is the uniaxial extensional flow that may be 

found in such polymer fabrication processes as fibre spinning and processing which 

involve converging entry flows.  For uniaxial stretching (e.g. fibre spinning) the velocity 

field is given as 

x
x y zv f x v

x
v
y

v
z

= + +( ), =
∂
∂

∂
∂

∂
∂

0  (1-9) 

Equation (1-9) assumes a flat velocity profile in the directions perpendicular to the flow 

direction.  For a such a flow field, the rate-of-strain tensor  is  &γ
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2

in which  is the elongation rate, defined as  E&γ

 (1-10) E xd v dx&γ =

For uniaxial elongation flow, the elongation viscosity Eη  may be defined by the ratio of 

tensile stress  and rate of elongation (or elongation rate) , E&γxxS

 (1-11) E xx ESη γ= &

If the surfaces transverse to the direction of principal elongation (i.e the direction of 

stretching) are unconstrained, then 

yy zzS S= = 0  (1-12) 

and Eq.(1-11) may be rewritten as 

E xx yy Eη σ σ γ= −( ) &  
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A large number of measuring instruments which measure Eη  have been developed over 

the last few years.  For polymer blends the question of valid rheological equations is 

simply not answerable at present.  What we can do is to evaluate the flow behaviour of 

polymer blends in simple well-defined geometric flows, e.g in simple shear flow and in 

simple elongation.  The processing properties may be evaluated from these data by simple 

techniques such as dimensional analysis and similitude studies. 

 

  



CHAPTER 2. A Calorimetric Study of the 
Interchange Reactions of NY/PC Blends 

 

In this chapter, an investigation of interchange reactions in partially miscible blends 

composed of bisphenol-A polycarbonate and two Nylons, including polycaprolactone as a 

compatibilizer, is discussed.  It has been found, using DSC, that these reactions affect the 

thermal transitions of the mixtures.  It is also observed that NY6 is more reactive than 

NY66, and polycaprolactone makes NY66 fast in the interchange reaction with PC at the 

melt blending.  These effects have been interpreted as a consequence of the progressive 

formation of copolymers which homogenize the mixtures. 

1. Introduction 

The Polymer Laboratories Model 12000, heat flux Differential Scanning Calorimeter, as 

shown in Fig.2-1, consists of    the following component parts; (a) main body (including 

cell module, power supply, and signal conditioning electronics), (b) CCI-3 interface 

module, (c) IBM compatible computer, (d) printer, (e) cooling system (liquid nitrogen 

dewar). 

Temperature programming is performed from the IBM compatible computer and Plus V 

software via the CCI-3 interface. The analogue data output signals are processed by the 

CCI interface module and acquired raw data are captured and stored on the computer hard 

disk for analysis and archiving. 
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Figure 2-1. View of Differential Scanning Calorimeter. 

 
The signal in a DSC experiment is related to the difference between the “thermal response” 

of the sample and reference cells as the two are heated and cooled at the same rate (q+ or q-  

respectively) or maintained at a constant temperature.  “Thermal response” is a 

deliberately general term which includes contributions from both the sample and the 

instrument; the latter may involve complex heat transfer functions ΔQ but their form is 

immaterial provided they are reproducible from one run to another. In its most general 

form, the signal S from a DSC may be written  

S C Q∝ +( )Δ Δ  (2.1) 

where Δ emphasizes the differential nature of the signal, which may be a differential power 

or temperature. ΔC is the overall difference in the total heat capacity of the two cells, and 

can be subdivided into instrument and sample contributions 

ΔC =  ΔCE + mCP (2.2) 

where ΔCE is the difference between the two cells in the empty state (subscript E) and mCP 

 is the additional heat capacity due to the presence of  a mass m of material of specific heat 
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capacity CP. Any additional thermal process leading to the evolution or absorption of 

energy perturbs the normal heat capacity curve, and much of the value of  DSC in the 

study of polymers concerns the wealth of information that can be derived from curves that 

feature crystallization or melting, annealing, change of  crystal structure, the glass 

transition or a (usually) exothermic polymerization reaction.  

Equation 2.1 and 2.2 can be combined to give 

kS = mCP + (ΔCE + ΔQ) ≡ mCP + Z (2.3) 

where k is a conversion factor that relates the signal to the thermal process; the bracketed 

expression (≡Z) is difficult to determine and generally no attempt is made to do this  ⎯  it 

will be seen below that  it is sufficient to ensure that  Z is repeatable from one run to 

another. For quantitative work three runs are required to cover a given range of  

temperature, and the sample cell will contain (i) empty pan; (ii) pan + sample (subscript S); 

(iii) pan + calibrant (subscript C).  The reference cell remains undisturbed throughout ( it 

normally contains an empty pan to “back off” the contribution of the empty pan in (i) ).  

The order of runs (i) - (iii) is immaterial  ⎯  an “unknown”  sample will have to be run 

first to define the temperature range that is of interest.  If several samples are to be run 

over the sample range it is sensible to arrange for the empty and calibration sets to be in 

the middle of the sequence so that, if there is any instrumental drift during the day, some 

sort of average characterizes the calibrant data.  

The three forms of Eq. 2.3 that correspond to (i) - (iii) above are  

kSE = Z (2.4) 

kSS = mS CPS  + Z (2.5) 

kSC = mC CPC + Z (2.6) 

subtraction of Eq. 4.4 from Eq. 4.5 and Eq. 4.6, and division gives 
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which is the basic operating equation for quantitative DSC work.  The resultant “heat 

capacity” curve may contain peaks and troughs due to a variety of physical and/or 

chemical processes.  In some of these, for example melting, a detailed theoretical treatment 

is much more complex than given above, and peak shapes appear grossly distorted.  

However, if a particular instrument is operating in a truly calorimetric mode, integration 

will give the overall enthalpy change for a given process. 

 

The derivation of  Eq. 2.7 is valid only if Z in Eqs. 2.4 - 2.6 is repeatable and care must be 

taken to ensure that physical conditions remain as constant as possible (mass and location 

of pans and lids, and thermal contact).  Whatever operating conditions are used, it is 

important to remember that the sample and reference pans are not in an adiabatic 

environment.  There will be internal thermal gradients which are better reproduced if 

sample pans are lidded to present a consistent surface to their immediate environment; 

otherwise heat transfer (especially at high temperatures) from, for example, a carbon black 

filled sample will be very different from one that contains a white pigment.  The second 

form of  Eq. 4.7 shows the role of  k and the contribution from the empty pan.  k is the 

ordinate-to-heat capacity conversion factor; it should be independent of temperature for 

both power compensation and most heat-flux DSC ⎯ in the former case this is an inherent 

instrumental feature and in the latter case electronic compensation generally ensures that 

this is so.  In both cases the repeatability of  k, with respect to experimental conditions and 

from day to day, provides a good test of instrumental performance.  The empty pan makes 

a twofold contribution to the overall signal through its magnitude and its change with 
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temperature ⎯ the shape of the empty pan line.  By its very nature SE  will usually be 

appreciably less than SS  (or SC), although the trend to smaller samples (perhaps 

microtomed from a molding or a GPC fraction) calls for increased care in the definition of  

SE.  

In this work, differential scanning calorimetry has been used as an experimental technique 

when Nylon6 and Nylon66 / Polycarbonate mixtures are maintained in the melt state for 

different lengths of time. 

 

2. Experimental 

2-1. Materials 

The polymers used in this work were commercial products.  NY66 was a general purpose 

grade for injection moulding, labelled Celanese 1000-2, supplied by Hoechst. NY6 was 

from an unknown source.   Bisphenol-A polycarbonate(PC), labelled Macron 2658 was a 

injection moulding grade for food contact applications made by Bayer.  Polycaprolactone, 

which had melting point 60 oC, was supplied by Aldrich. 
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2-2. Blend preparation 

Three different compositions of NY66/PC mixture (80/20, 50/50, and 20/80 wt%), one 

NY6/PC  blend (50/50 wt%), and NY66/PC(Polycaprolactone) blend (50/50(5% based on 

PC wt%) were prepared by a solution/precipitation method.  Three pure polymers were 

subjected to similar treatment.  5g of an appropriate NY/PC mixture was dissolved in 30 

ml of phenol / 1,1-2,2 tetrachloromethane (60/40 wt%) and the solution was added 

dropwise to 300 ml of methanol at 2oC, causing rapid precipitation.  The precipitate blend 

was filtered and washed with methanol.  The final precipitate was dried in a vacuum oven 

for 48 hours at 60 oC. 

 

2-3. Thermal treatment 

The following procedure was used to study the interchange reaction.  Approximately 5 mg 

of the mixture was weighed and encapsulated in a sample pan which was transferred to the 

calorimeter and maintained at 25 oC.  After this, the sample was heated at 80oC/min to 295 

oC, and maintained at 280 oC for periods of time ranging from 0 to 80 min.  After thermal 

treatment at 280 oC, the sample was cooled to -20 oC at 10 oC/min.  In this cooling scan, 

the crystallization temperature(Tc) and the crystallization heat (ΔHc) of  Nylon were 

determined.  Finally, a second heating scan from -20 oC to 280 oC  was carried out at 20 

oC/min in order to determine the glass transition temperatures (Tg) of the mixture, as well 

as the melting temperature (Tm) and heat of fusion (ΔHm) of  Nylon.  
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3. Results and Discussion 

3-1. NY6/PC(50/50 wt%) blend 

The pure NY6 had a crystallization temperature from the melt of 194.2 oC, as shown in 

Table 2-1.  The crystallization heat of this polymer was 63.4 J/g.  Both the crystallization 

temperature and crystallization heat of pure NY6 were virtually independent of the thermal 

treatment time at 280 oC.  In the second heating scan, NY6 showed the glass transition 

temperature of 50 oC, irrespective of the thermal treatment time.  However, Tg of NY6 was 

not so clear as Polycarbonate owing to high crystallinity of NY6.  The melting point of 

NY6 was 221 oC in all cases, and the heat of melting was 77 J/g.   

A small increase would be expected due to the difference between the capacity of the 

molten and solid polymers but the magnitude of the observed increase indicates that the 

heat of fusion is much higher than that of crystallization.  This indicates that a fraction of 

NY6, which remains uncrystallized during cooling, crystallizes during the second heating 

scan.  In the second heating scan, the glass transition temperature for PC was in all cases 

145 oC  ⎯  no evidence of crystallization or melting was observed.  The results show that 

the pure polymers are not affected by thermal treatment at 280 oC.   

Table 2-1. Transition temperatures and heats for pure polymers. 

POLYMER Tc/oC Tm/oC ΔHc/Jg-1 ΔHm/Jg-1 Tg/oC 
NY6 194.2 220.8 63.4 76.5 50.3 
NY66 232.6 260.5 45.2 58.8 63.2 

PC - - - - 144.6 
P-cap - 65.8 - 78.2 - 

NY66/P-cap 233.2 260.5 38.7 61.6 51.2 
PC/P-cap - - - - 143.6 

As shown in Table 2-2, the thermally untreated NY6/PC(50/50) blend gave a 
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crystallization temperature of 192.1 oC when cooled from the melt.  This value is a little 

lower than that found for pure NY6.  The heat of crystallization for the blend was 22.4 J/g 

and this corresponds to a ΔHc value of 44.7J/g for NY6.  Thus, it appears that the heat of 

crystallization of the NY6 is lowered by the presence of PC.  

The melting temperature of the thermally untreated NY6/PC blend was 215.5 oC, which 

was also lower than that of pure NY6.  The melting heat of that blend was 29.3 J/g, 

corresponding to a ΔHm value of 58.5 J/g for NY6.  It also was less than that of pure NY6.  

Once again this ΔHm value is higher than the ΔHc value, indicating that NY6 does not 

crystallize completely during cooling.  The untreated NY6/PC blend showed two glass 

transitions in the second heating scan.  The Tg of NY6 was almost identical to that of pure 

NY6, whereas the other glass transition temperature was a little higher than that of pure 

PC. 

Table 2-2. Transition temperatures and heats for NY6/PC(50/50 wt%) blend. 

t/min Tc/oC Tm/oC ΔHc/Jg-1 ΔHm/Jg-1 Tg
1 /oC Tg

2 /oC 
0 192.1 215.5 22.4 29.3 51.3 147.3 
5 188.4 214.3 23.7 27.1 52.7 147.0 
10 185.5 212.1 24.2 28.8 51.2 146.4 
15 182.3 211.9 20.3 23.5 53.6 146.2 
20 180.8 209.0 20.1 23.7 53.0 145.9 
30 172.3 202.9 16.3 20.0 55.9 141.2 
45 151.4 188.3 10.6 14.2 61.3 128.6 
60 - 175.4 - 5.2 60.4 125.7 
80 - - - - 65.7 115.3 

 (Tg
1 = Tg for NY6 phase, Tg

2 = Tg for PC phase) 
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As can be seen in Fig.2-2, Tc of NY6 decreases as the thermal treatment time increases. 

This tendency becomes more distinct after 20 min heat treatment at 280 oC.  At treatment 

times of more than 60 min, no exothermic crystallization peak is found.  The heats of 

crystallization follow a similar tendency, as can be observed in Fig.2-3. These results 

concerning the NY6-crystallization show that as the thermal treatment time is increased 

this process becomes more difficult.  This is possibly due to the incorporation of PC 

segments in the NY6 chains as the reaction progresses, causing a decrease in the length of 

the crystallizable NY6 segments.  Such effects seem to be clearer after 20 min of thermal 

treatment. 

Figure 2-2. Melting and crystallization temperatures of NY6/PC(50/50 wt%) at different 

heat treatment times. 

N Y 6 /P C (5 0 /5 0 )

t /m in

0 2 0 4 0 6 0 8 0 1 0 0

T/
O
C

1 4 0

1 5 0

1 6 0

1 7 0

1 8 0

1 9 0

2 0 0

2 1 0

2 2 0

T c

T m

 

 



Chapter 2. Calorimetric Study of the Interchange Reactions of NY/PC Blends  34

N Y 6 /P C (5 0 /5 0 )

t /m in

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0

DH
/J

g-1

0

5

1 0

1 5

2 0

2 5

3 0

3 5

DH m /J g -1

DH c/J g -1

Figure 2-3. Melting and crystallization heats of NY6/PC(50/50 wt%) at different heat 

treatment  times. 
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Figure 2-4. Glass transition temperatures of NY6/PC(50/50 wt%) with the change of heat 

treatment time. 
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From the evolution of the glass transition temperatures for the NY6/PC(50/50) blend after 

heat treatment, it can be seen in Fig.2-4 that after 45 min the two Tgs tend to approach each 

other .  This may be explained by the progressive incorporation of PC units in the NY6 

chains, which causes the increase of the lower Tg, and of NY6 units in the PC chains, 

giving rise to a decrease of the upper Tg.  Probably at longer heat treatment time, a single 

Tg would be observed, which would indicate that a completely homogeneous product is 

obtained.  Finally, Fig.2-2 and Fig.2-3 also show the influence of heat treatment at 280 oC 

on the melting behaviour of the blends. It can be seen in Fig.2-2 that Tm decreases with 

heat treatment time.  In a similar way, ΔHm also decrease with time as shown in Fig.2-3.  

As observed for the untreated mixture, the ΔHm values are in all cases higher than the ΔHc 

values.  The behaviour observed for the melting temperatures and heats may be attributed 

to factors similar to those mentioned in the crystallization behaviour, ie the interchange 

reactions that cause a progressive decrease in the length of the crystallizable segments of 

NY6. 

 

3-2. NY66/PC(50/50 wt%) blend 

The pure NY66 had a crystallization temperature from the melt of 232.6 oC, as shown 

Table 2-1.  The crystallization heat of this polymer was 45.2 J/g.  Both the crystallization 

temperature and heat of pure NY66 were independent of the heat treatment time at 280oC.  

By comparison, NY6 had Tc = 192.1 oC and ΔHc = 63.4 J/g, which means that NY6 is 

much easier to react with PC.  In the second heating scan, NY66 showed the glass 

transition temperature of 63.2 oC and the melting heat of 58.8 J/g, which were independent 

of the heat treatment time.  Tg and Tm of NY66 were much higher than those of NY6, 
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which means less reactivity of NY66.  In the heats of crystallization and melting, there 

were also big increases similar to NY6, which means that the uncrystallized fractions of 

NY66 during cooling crystallize in the second heating scan.  

 

Table 2-3. Transition temperatures and heats for NY66/PC(50/50 wt%) blend. 

t/min Tc/oC Tm/oC ΔHc/Jg-1 ΔHm/Jg-1 Tg
1 /oC Tg

2 /oC 
0 230.4 252.4 22.1 39.2 63.5 146.0 
5 229.5 252.5 25.6 33.4 62.2 147.0 
10 228.2 252.3 25.5 35.2 60.9 148.4 
15 225.9 252.2 21.6 27.2 63.5 148.6 
20 222.9 250.3 18.9 25.9 62.7 148.3 
30 218.1 247.3 18.0 24.7 62.2 148.2 
45 212.4 244.2 19.6 24.4 62.3 144.8 
60 198.2 233.1 13.8 17.2 61.5 141.6 
80 178.6 219.1 5.8 7.2 61.6 140.7 

 (Tg
1 = Tg for NY66 phase, Tg

2 = Tg for PC phase) 

 

As shown in Table2-3, the thermally untreated NY66/PC(50/50) blend had a crystallization 

temperature of 230.4 oC when cooled from the melt.  This value is a little lower than that 

found for pure NY66.  The heat of crystallization for the blend was 22.1 J/g and this 

corresponds to a ΔHc value of 44.2 J/g for NY66.  In the case of NY66, unlike NY6, there 

was only a small difference between the heat of crystallization of the blend, and that for 

pure NY66, which means slow reactivity of NY66 with PC.  The melting temperature of 

the thermally untreated NY66/PC blend was 252.4 oC, which was almost equal to that of 

pure NY66.  This seems to indicate that there is no interaction between the polymers.  The 

melting heat of this blend was 39.2 J/g, corresponding to a ΔHm value of 78.4 J/g for 

NY66.  It was much higher than the value 58.8 J/g of pure NY66, which means that PC 

favours the crystallization of NY66.  Like NY6, this ΔHm value is higher than the ΔHc 
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value, indicating that NY66 does not crystallize completely during cooling.  The untreated 

NY66/PC blend showed two glass transitions in the second heating scan.  Tg for NY66 was 

almost identical to that for pure NY66, whereas the other glass transition temperature was 

a little higher than that of pure PC.  

As can be seen in Fig.2-5, Tc of NY66 decreases as the heat treatment time increases.  This 

tendency becomes more distinct after 45 min heat treatment at 280 oC, in which the rate of 

decrease is slower than NY6/PC(50/50) blend.  The heats of crystallization follow a similar 

tendency, as can be observed in Fig.2-6.  As shown in Fig 2-7, from the evolution of the 

Tgs of the NY66/PC(50/50) blend after treatment, the blend has two glass transitions after 

80 min heat treatment time.  It means that NY66 reacts more slowly with PC than does 

NY6.  However, at the longer treatment time a single Tg is expected in NY66/PC(50/50) as 

well as in NY6/PC(50/50) blends.  Finally, Fig.2-5 and Fig. 2-6 show the influence of heat 

treatment at 280 oC on the melting behaviour of the NY66/PC(50/50) blends.  Like 

NY6/PC(50/50) blend, it shows the decrease of Tm and  ΔHm.  As observed for 

NY6/PC(50/50) blend, the ΔHm values are in all cases higher than the ΔHc values.  The 

behaviour observed for the melting temperatures and heats suggests that the same 

interchange reactions occur as in the NY6/PC(50/50) blend, causing a progressive decrease 

in the length of the crystallizable segments of both NY6 and NY66. 
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Figure 2-5. Melting and crystallization temperatures of NY66/PC(50/50 wt%) at different 

heat treatment times. 
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Figure 2-6. Melting and crystallization heat of NY66/PC(50/50 wt%) at different heat 

treatment times. 
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Figure 2-7. Glass transition temperatures of NY66/PC(50/50 wt%) with the change of heat 

treatment time. 

 

3-3. NY66/PC(20/80 wt%) blend 

As shown in Table 2-4, the thermally untreated NY66/PC(20/80) blend had a 

crystallization temperature of 233.3 oC when cooled from the melt.  This value is identical 

to that of pure NY66.  The heat of crystallization for the blend was 2.1J/g, which is 

attributed to a small proportion of NY66 in the blend.  The melting temperature of the 

thermally untreated NY66/PC(20/80) blend was 252.9 oC, the same as that of pure NY66.  

The melting heat of that blend was 5.2 J/g, which is also attributed to small proportions of 

NY6 in the blend.  In the second heating scan it showed two glass transitions, and glass 

transition temperatures were almost in accordance with the Tgs for the individual 

components of the blend. 
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Table 2-4. Transition temperatures and heats for NY66/PC(20/80 wt%) blend. 

t/min Tc/oC Tm/oC ΔHc/Jg-1 ΔHm/Jg-1 Tg
1 /oC Tg

2 /oC 
0 233.3 252.9 2.2 5.2 59.5 146.5 
5 230.5 251.9 2.9 5.1 62.4 147.5 
10 229.3 251.4 3.6 6.7 63.9 147.2 
15 228.0 249.3 3.3 5.1 62.8 146.5 
20 227.2 249.1 2.1 4.4 63.4 146.8 
30 219.9 241.7 2.0 2.5 63.1 146.5 
45 219.0 - 0.6  - 64.1 144.3 
60 - - -   - 64.4 140.4 
80  - -   - -  61.8 134.5 

 (Tg
1 = Tg for NY66 phase, Tg

2 = Tg for PC phase) 

 

As can be seen in Fig.2-8, Tc of NY66 decreases as the heat treatment time increases.  

After 45 min heat treatment at 280 oC, no exothermic crystallization peak is found.  The 

heats of crystallization follow a similar tendency, as can be observed in Fig.2-9.  These 

results indicates that small proportions of NY66 were incorporated with PC chains through 

interchange reactions.  After 60 min heat treatment, Tg of PC decreased significantly, and 

eventually a single Tg would be expected if there is no thermal degradation.  Finally, Fig.2-

8 and Fig.2-9 also show the influence of thermal treatment at 280 oC on the melting 

behaviour of this blend.  The melting temperature of the blend decreases with heat 

treatment time, and melting is not detected after 30 min.  ΔHm follows a similar trend, 

which implies incorporation of a small fraction of NY66 into the PC chains resulting from 

the heat treatment. 
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Figure 2-8. Melting and crystallization temperatures of NY66/PC(20/80 wt%) at different 

heat treatment times. 
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Figure 2-9. Melting and crystallization heat of NY66/PC(20/80 wt%) at different heat 

treatment times. 
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Figure 2-10. Glass transition temperatures of NY66/PC(20/80 wt%) with the change of 

heat treatment time. 

 

3-4. NY66/PC(80/20 wt%) blend 

As shown in Table 2-5, the thermally untreated NY66/PC(80/20) blend had a 

crystallization temperature of 231.7 oC when cooled from the melt.  This value is identical 

to that of pure NY66.  The heat of crystallization for the blend was 36.1 J/g, which 

corresponds to 80% of pure NY66.  The melting temperature of the thermally untreated 

NY66/PC(80/20) blend was 252.2 oC, which was identical to that of pure NY66.  The 

melting heat of that blend was 43.6 J/g, which was also attributed to 80% fractions of pure 

NY6.  In the second heating scan it showed two glass transitions.   
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Table 2-5. Transition temperatures and heats for NY66/PC(80/20 wt%) blend. 

t/min Tc/oC Tm/oC ΔHc/Jg-1 ΔHm/Jg-1 Tg
1 /oC Tg

2 /oC 
0 231.7 252.2 36.1 43.6 63.9 147.7 
5 229.2 253.6 32.2 40.7 63.3 147.4 
10 228.6 252.2 34.3 40.6 64.6 147.3 
15 228.2 252.3 34.5 44.7 64.0 148.5 
20 226.5 252.6 30.6 41.1 63.0 150.7 
30 224.9 252.1 27.9 38.1 63.2 148.2 
45 221.2 249.7 31.6 42.7 60.9 150.3 
60 217.9 247.1 29.2 36.6 62.5 150.7 
80 211.4 243.3 29.4 35.5 62.3 151.3 

 (Tg
1 = Tg for NY66 phase, Tg

2 = Tg for PC phase) 

 

As can be seen in Fig.2-11, Tc of NY66 decreases as the thermal treatment time increases.  

At 80 min heat treatment at 280 oC, there is a large decrease in crystallization temperature, 

which means that NY66 reacts slowly with PC in NY66-rich blends.  The heats of 

crystallization follow a similar overall tendency, as can be observed in Fig.2-12.  As 

shown in Fig.2-13, throughout thermal treatment Tgs of NY66/PC(80/20) blend show little 

change, which is probably attributable to low reactivity of NY66.  Finally, Fig.2-11 and 2-

12 also show the influence of thermal treatment at 280 oC on the melting behaviour of the 

blends.  The melting temperature of this blend decreases linearly with heat treatment time.  

ΔHm follows a similar trend although there is an increase for 45 min heat treatment time. 
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Figure 2-11. Melting and crystallization temperatures of NY66/PC(80/20 wt%) at 

different heat treatment times. 
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Figure 2-12. Melting and crystallization heat of NY66/PC(80/20 wt%) at different heat 

treatment times. 
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Figure 2-13. Glass transition temperatures of NY66/PC(80/20 wt%) with the change of 

heat treatment time. 
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3-5. NY66/PC(polycaprolactone)(50/50(5 wt% based on PC) wt%) 

As shown in Table 2-1, P-cap (polycaprolactone) had melting temperature 65.8 oC and heat 

of melting 78.2 J/g.  NY66/P-cap(5/0.25g) had crystallization temperature 233.2 oC which 

was identical to that of pure NY66.  The melting temperature of NY66/P-cap was 260.5 oC, 

which was higher than that of pure NY66.  The heat of crystallization of  the mixture was 

38.7 J/g, which is lower than that of pure NY66, and the melting heat of 61.6 J/g for 

NY66/P-cap was also lower than that of pure NY66.  Finally, the glass transition 

temperature was about 10 oC lower in the mixture than in pure NY66, which means that 

polycaprolactone acts as a plasticizer in the mixture.  In PC/P-cap(4.75/0.25g) mixture, the 
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glass transition temperature was not affected much, whereas a significant decrease in Tg 

was expected. 

As shown in Table 2-6, the thermally untreated NY66/PC(polycaprolactone) 

(50/50(5)wt%) blend had a crystallization temperature of 233.9 oC when cooled from the 

melt.  This value is identical to that found for pure NY66.  The heat of crystallization for 

the blend was 22.3 J/g , corresponding to a ΔHc value of 44.6 J/g for NY66, which was 

also similar to that of pure NY66.  The melting temperature of this thermally untreated 

blend was 252.6 oC, which was almost equal to that of pure NY66.  The melting heat of 

that blend was 30.6 J/g, corresponding to a ΔHm value of 60.2 J/g for NY66.  It was a little 

higher than that of pure NY66.  The untreated NY66/PC (polycaprolactone) (50/50(5)wt%) 

blend showed two glass transitions in the second heating scan.  The Tg of NY66 showed a 

large decrease more than 10 oC, whereas Tg of PC was almost the same as that of pure PC. 

 

Table 2-6. Transition temperatures and heats for NY66/PC (polycaprolactone(50/50(5) 
wt%)blend. 

t/min Tc/oC Tm/oC ΔHc/Jg-1 ΔHm/Jg-1 Tg
1 /oC Tg

2 /oC 
0 233.9 252.6 22.3 30.6 49.8 143.1 
5 230.6 252.9 22.8 30.7 50.5 143.4 
10 228.0 252.0 20.7 31.5 49.9 144.1 
15 225.1 250.8 20.9 26.7 49.4 145.2 
20 223.6 250.0 21.6 28.3 49.3 148.4 
30 219.4 246.9 21.2 31.5 51.3 141.7 
45 196.7 228.6 6.1 24.2 48.7 126.8 
60 - 209.1 - 17.6 48.7 123.8 
80 - - - - 49.2 81.6 

 (Tg
1 = Tg for NY66 phase, Tg

2 = Tg for PC phase) 
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As can be seen in Fig.2-14, Tc of NY6 decreases as the heat treatment time increases.  This 

tendency becomes more distinct after 20 min heat treatment at 280 oC.  At the heat 

treatment times of more than 60 min, no exothermic crystallization peak is found.  The 

heats of crystallization follow a similar trend, as can be observed in Fig.2-15.  This trend in 

the mixture of 5% polycaprolactone based on PC was much faster than that of unadded 

polycaprolactone.  These results suggest that the interchange reaction took place rapidly 

when polycaprolactone was added.  From the evolution of the Tgs of the NY66/PC 

(polycaprolactone) (50/50(5)wt%) blend after thermal treatment, it can be seen in Fig.2-16 

that after 45 min the two Tgs tend to approach each other, which was also observed in 

NY6/PC(50/50).  This may be explained on the basis of the progressive incorporation of 

PC units in the NY66 chains.  The two Tgs became very close to each other as the Tg of PC 

was  approached at 80 min, in which time thermal degradation occurred and the mixture 

became darkened.  The phenomena of approaching Tgs happened only in polycaprolactone 

added mixture, which implies faster reactivity than that of polycaprolactone-free mixture.  

Finally, Fig.2-14 and Fig.2-15 also show the influence of thermal treatment at 280 oC on 

the melting behaviour of the blends. It can be seen that Tm decreases in a linear manner 

with heat treatment time, as shown in Fig.2-14.  In a similar way, the heats of fusion also 

decrease with time, as shown in Fig.2-15.  Here, once again the mixture with 

polycaprolactone added showed faster reactivity than the corresponding mixture without 

polycaprolactone. 
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Figure 2-14. Melting and crystallization temperatures of NY66/PC(P-cap) at different heat 

treatment times. 

N Y 6 6 /P C (P -c a p )(5 0 /5 0 (5 ))

t/m in

0 10 20 3 0 4 0 5 0 6 0 70

DH
/J

g-1

0

5

1 0

1 5

2 0

2 5

3 0

3 5
DH m /Jg -1

DH c/Jg -1

Figure 2-15. Melting and crystallization heat of NY66/PC(P-cap) at different heat 

treatment times. 
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Figure 2-16. Glass transition temperatures of NY66/PC(P-cap) with change of heat 

treatment time. 
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4. Conclusions 

The results obtained in this work showed the existence and the rate of interchange 

reactions in different types and compositions of Nylon/PC blends when subjected to heat 

treatment in the melt state at 280 oC.  

After 60 min heat treatment of NY6/PC(50/50), the enthalpy of crystallization and melting 

became very small, and the enthalpy of crystallization and glass transition temperatures of 

NY6 and PC approached each other, through an increase of Tg of NY6 and decrease of Tg 

of PC.  By contrast, after 80 min heat treatment of NY66/PC(50/50) blend, the enthalpy of 

crystallization and melting were still measurable, and there was only small decrease in Tg 

of PC.  The implication is that the interchange reaction is faster in NY6 than in NY66. 
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In NY66/PC(20/80) blend no crystallization peak and enthalpy of melting were found after 

45 min heat-treatment, suggesting that the crystallinity of NY66 is influenced by a large 

amount of PC.  After 80 min heat treatment of NY66/PC(80/20) the change in enthalpy of 

crystallization and melting is small and Tg for each polymer is almost constant, so the 

reactivity of NY66 is low. 

Incorporation of polycaprolactone has pronounced effects on the thermal properties of 

NY66/PC(50/50) blend. The enthalpy of crystallization and melting became very small, 

and after 60 min heat treatment the two glass transition temperatures were very similar in 

magnitude. 

The decrease in heat transition values of Nylon/PC blends seem to indicate that the 

interchange reactions cause a progressive decrease in the length of the crystallizable 

segments of Nylons and the chains of PC.  Thus interchange reactions create a new 

polyurethane chain which serves as a compatabilizer between two polymers. 

 

 



CHAPTER 3. Morphology             

of the NY66/PC Blends 

In this chapter, the relationships between morphology and varying compositions in 

NY66/PC with and without polycaprolactone have been investigated by means of Scanning 

Electron Microscopy.  The role of the mixing time was also examined briefly.  Each 

fractured specimen was scanned in both the etched and unetched surfaces by SEM.  The 

morphology of the blends is controlled by the thermal and rheological characteristics, as 

well as by the mixing conditions.  NY66 and PC are clearly incompatible over the whole 

range of composition showing well segregated phases.  However, high NY66 content, long 

time of mixing and adding polycaprolactone are improving miscibility.  This has been 

attributed to interchange reactions between NY66 and PC molecules, that give rise to some 

block copolymers, which acts as interfacial agents between the two polymers. 

 

1. Introduction 

1-1. Morphology and factors 

Blending two or more polymers has become one of the most fruitful routes for developing 

new thermoplastic materials for engineering applications.  The vast majority of these 

blended products consists of pairs or groups of immiscible polymers.  This means that the 

product is not a homogeneous and single-phase material but is composed of a matrix 

material and one or more dispersed phases.  The particle size and shape of the dispersed 
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phase has a profound effect on the mechanical properties of the blended system.  While 

other factors such as interfacial adhesion may be of equal importance in determining the 

ultimate mechanical properties of a blend, dispersed phase size is a useful parameter for 

study because it is relatively easily measured and can be correlated with several key 

properties.  Extrusion blending is often the technique that is used to produce commercial 

products, and the size of the dispersed phase is dependent on many factors, involving shear 

rate and stress within the mixing device, chemical compatibility, relative elasticities, and 

relative viscosities of the polymers. 

Many researchers have attempted to quantify the effects of shear and extensional forces on 

the deformation of a particle suspended within a Newtonian fluid.  In a recent study of 

polypropylene/polycarbonate blends, a correlation was found between the rheological 

parameters of the starting materials and both dispersed phase size and the phase inversion 

composition of the blend.  The phase inversion composition is that the ratio of components 

below which one component is the major phase and above which the other component is 

the major phase.  It is assumed that around this composition there exists a region of 

composition in which both phases are continuous.  With certain polymer pairs this co-

continuous region may exhibit unique mechanical properties, unavailable in a dispersed 

phase morphology.  It has been proposed that the phase inversion point may be predicted 

from a ratio of viscosities of the starting materials.  These studies and others have provided 

a start towards an understanding of the factors controlling the morphology of a blended 

system.  Such an understanding would aid in predicting blend morphology from the 

rheological characteristics of the starting materials. 
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1-2. SEM instrument 

The principle of a scanning electron microscope, shown in Fig.3-1, is as follows.  A small 

electron probe is formed by an electron gun and a set of three or more electromagnetic 

lenses.  The electron gun consists of a heated tungsten filament, an anode attracting the 

emitted electrons and a focussing electrode (gun bias). 

 

Figure 3-1. Schematic diagram of a Scanning Electron Microscope. 

 

The important parameter of the gun is its brightness which is given by the total number of 

electrons coming from a unit area of the source into a unit solid angle.  In order to increase 

the brightness, it is possible to increase the emission current by replacing tungsten with 

lanthanum hexaborite.  Alternatively, the area of the source can be reduced with a pointed 
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filament or the emission angle can be reduced by field emission.  The last source is the best 

for resolution, as a very a small probe of less than a nanometer with a very high current can 

be formed.  Unfortunately ultra-high vacuum is required for this source and the cost is very 

high.  The probe size is reduced by demagnification of the filament image using two 

electromagnetic lenses and then focussing onto the specimen surface by using a final (or 

objective) lens.  The probe is scanned on the specimen surface by two sets of scanning 

coils controlled by the same scan generator as the cathode ray tube used to observe the 

image.  The signal is detected by a low noise scintillator-photomultiplier-amplifier system 

and modulates the display signal.  Each point of the scanned raster on the sample thus has 

a corresponding point on the display screen.  Once the probe is focused and corrected for 

astigmatism, the magnification can be cnanged by changing the size of the scanned area 

without refocussing. 

 

2. Experimental 

2-1. Blends preparation 

Blends of NY66 and PC with Polycaprolactone, in composition ranging from 95/5 to 5/95 

wt%, were prepared by a serial process.  Thirteen different compositions of polymers with 

Polycaprolactone were dried in a vacuum oven at 60oC for 48 hrs.  Polycaprolactone, 

which was 5 wt% of each PC composition, was added to each blend before melt-blending 

because of low melting point (60oC).  The dried different composition mixtures of 60g 

were melt-mixed by a sigma-blade compounder (Figure 3-2) at 280oC for 5 min.  The melt-

blended alloys were then crushed into small pieces by a granulator.  The crushed pellets 
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were dried in an oven at 50oC for 48 hrs before injection molding.  The specimens, 

10*100*2.5 (W*L*H mm3), were moulded by a piston injection moulding machine (Figure 

3-3) using 280oC barrel temperature and 125 oC mold temperature for SEM and DMTA.  

The blends of NY66 and PC without polycaprolactone were treated by the same procedure.  

However, in this case three different composition blends (70/30,50/50 and 30/70 NY66/PC 

wt%) were prepared. 

 

Figure 3- 2. View of Sigma-blade Compounder. 

 

2-2. SEM specimens 

Each specimen was frozen cryogenically in liquid nitrogen and then fractured by impact.  

One side of the fractured surface was directly coated with gold in a SEM coating unit, 

model, Emscope SC 500 and the morphology was observed in a Scanning Electron 

Microscope, model, SEM 505 Phillips. 
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The other side of each fractured surface was etched in an ultrasonic bath for 15 mins. For 

the compositions of 95/5 ~ 50/50 (NY66/PCwt%) methylene chloride was used as a 

solvent to remove the PC phase.  In the PC-rich blends(40/60 ~ 5/95 wt%) 

trifluoroethanthanol was used to etch out NY66 and NY66/PC copolymer.  After etching, 

each specimen was treated identically. 

 

Figure 3- 3. View of Piston Injection Molding Machine. 
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3. Results and Discussion 

3-1. NY66/PC without polycaprolactone 

Figure 3-4 ~ Figure 3-9 show the morphology of the fracture surfaces of three composition 

blends without polycaprolactone at increasing PC content.  The general features, typical of 

an incompatible and biphasic system, are visible throughout the range of composition.  

Within this pattern several interesting aspects are worth being stressed. 

1. In NYlon-rich(70/30) blend, there is less gap between globules PC  and matrix 

NY66.  It seems that there is a greater possibility the interchange reaction occurs in 

NY66-rich composition because of more amino-end groups.  On the other hand, the 

formation of voids can be explained considering the different volume contraction 

occurring during the thermal transitions of the two polymers.  Namely, due to the 

fast cooling in the mold, the segregated NY66 crystallizes inside an almost glassy 

matrix.  The full crystallization of the polyamide domains causes a volume decrease 

higher than the thermal shrinkage of the PC-phase. 

2. The particles in 70/30 blend form more rod-like shapes than in 30/70 blend.  It 

seems that low viscosity of the NY66 matrix allows PC domain to flow and form 

rod-like particles easily according to the shear stress of the molding machine.  

Distributed particle sizes of 70/30 blend are smaller than that of 30/70 blends.  It 

means that low viscosity of NY66 makes bigger size of NY66 globules in 30/70 

blend comparing the size of PC globules of PC in 70/30 blend. 

3. It is shown that small globules are included within big globules in 50/50 blend.  It 

seems that 50/50 blend reaches to an inversion point, which is confirmed by PC-
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extracted phase in Fig 3-8 (a),(b).  Fig 3-8 shows one side of the phase has small 

holes where the matrix is NY66, while the other side of the phase has big hole 

where the matrix is PC. 

 

3-2. NY66/PC with polycaprolactone  

Fig.3-10 ~ 3-20 show the morphology of the fractured surface of the whole range of 

composition with polycaprolactone.  Polycaprolactone has influenced several factors in 

NY66/PC biphasic blend system.  Within this pattern several aspects which are 

differentiated with NY66/PC blend without polycaprolactone are as follows. 

1. Throughout the whole range of composition distributed globule sizes become small 

and deviation of the globule size is decreased.  This result implies that 

polycaprolactone serves as a thermodynamic plasticizer and it can reduce the melt 

viscosity of the PC. 

2. In PC-rich blends the formation of voids between matrix and globules is shown 

clearly.  It means that no interchange reaction occurs between two polymers and 

two distinct phases make blends incompatible.  However, it is in NY66-rich blends 

that less voids are shown, particularly in 95/5 and 90/10 blends.  It seems that rich 

amino-end group concentration, which was activated by polycaprolactone, 

enhances the probability of interchange reactions between the homopolymers, 

likely with the formation of adhesion promoting copolymers. 

3. In NY66-rich blends, down to 60% NY66, the dispersed phase is constituted by PC.  

In 60/40 blend, one side of PC-etched phase shows PC-matrix while other side 

displays NY66-matrix.  It means that the inversion domains are highly influenced 
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by the shear stress of the molding machine and polycaprolactone.  50/50 blend 

shows similar aspects which consist of PC-matrix in some region and NY66 matrix 

in other region.  These morphological aspects can be interpreted in terms of 

different melt viscosity.  During the extrusion procedures the less viscous molten 

NY66 is masticated much better than highly viscous PC.  Adding polycaprolactone 

enable PC to constitute the matrix even at composition of 60/40 comparing 

unadded 50/50 composition.  

4. Fig.3-27 shows the etched phases after extraction of PC using methylene chloride, 

which clearly denote long rod-like shape of NY66 and etched PC matrix.  Fig.3-28 

shows the long rod-like extracted NY66 shapes using trifluoroethanol, which 

consist clearly of the dispersed phases.  It confirms that  PC is the matrix in 40/60 

blends.  

 

3-3. Time change in NY66/PC(50/50 wt%)blend 

Changing the blending conditions of polymer blend is very important in chemical 

reactions.  In 50/50 blend time is changed as a factor of interchange reaction.  Fig.3-33 (a) 

and (b) show the influence of melt blending time in morphology.  After 5 min of mixing 

the morphology of the blend shows well segregated domains of PC in the NY66 matrix.  

At 10 min treatment time the boundaries of two homopolymers becomes less clear as a 

consequence of the interfacial reaction of the increasing copolymers which make two 

homopolymers more compatible.  Since melt blending is done with exposure to air, 

degradation occurred after 15 min.  However, if it is done in closed blending machine 

under nitrogen, no degradation occurs at much longer treatment time and finally 
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homogeneous morphology will be expected. 

 

4. Conclusion 

NY66 and PC are partially miscible polymers.  Their blends present typical biphasic 

structure, controlled by the rheological and thermal characteristics of the components.  The 

interactions and then the adhesion between the two phases are generally absent, with the 

exception of polyamide-rich blends, which present some interactions, possibly favoured by 

NY66-PC copolymers chains, that are produced by chemical reactions between the two 

homopolymers during the melt mixing at 280oC.  Polycaprolactone in NY66/PC blends 

serves as a thermodynamic platicizer reducing average particle sizes and deviation of 

magnitude.  Polycaprolactone also changes the inversion composition at 40% NY66 level, 

in which the viscosity of PC is decreased.  Increasing melt blending times enable 

interchange reactions to occur easier and result in the copolymers which improve the 

miscibility of the copolymers of NY66/PC blend. 
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Figure 3-4. SEM micrograph of NY66/PC (70/30 wt%) without polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-5. SEM micrograph of NY66/PC (50/50 wt%) without polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-6. SEM micrograph of NY66/PC (30/70 wt%) without polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 



Chapter 3. Morphology of the NY66/PC Blends  64

Figure 3-7. SEM micrograph of NY66/PC (70/30 wt%) without polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-8. SEM micrograph of NY66/PC (50/50 wt%) without polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-9. SEM micrograph of NY66/PC (30/70 wt%) without polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-10. SEM micrograph of NY66/PC (95/5 wt%) with polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-11. SEM micrograph of NY66/PC (90/10 wt%) with polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-12. SEM micrograph of NY66/PC (80/20 wt%) with polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-13. SEM micrograph of NY66/PC (70/30 wt%) with polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-14. SEM micrograph of NY66/PC (60/40 wt%) with polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-15. SEM micrograph of NY66/PC (50/50 wt%) with polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-16. SEM micrograph of NY66/PC (40/60 wt%) with polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-17. SEM micrograph of NY66/PC (30/70 wt%) with polycaprolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-18. SEM micrograph of NY66/PC (20/80 wt%) with polycarolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-19. SEM micrograph of NY66/PC (10/90 wt%) with polycarolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-20. SEM micrograph of NY66/PC (5/95 wt%) with polycarolactone. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-21. SEM micrograph of NY66/PC (95/5 wt%) with polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-22. SEM micrograph of NY66/PC (90/10 wt%) with polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-23. SEM micrograph of NY66/PC (80/20 wt%) with polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-24. SEM micrograph of NY66/PC (70/30 wt%) with polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-25. SEM micrograph of NY66/PC (60/40 wt%) with polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-26. SEM micrograph of NY66/PC (50/50 wt%) with polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-27. SEM micrograph of NY66/PC (40/60 wt%) with polycaprolactone after 

extraction of PC with methylenechloride. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-28. SEM micrograph of NY66/PC (40/60 wt%) with polycaprolactone after 

extraction of NY66 with trifluoroethanol. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-29. SEM micrograph of NY66/PC (30/70 wt%) with polycaprolactone after 

extraction of NY66 with trifluoroethanol. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-30. SEM micrograph of NY66/PC (20/80 wt%) with polycaprolactone after 

extraction of NY66 with trifluoroethanol. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-31. SEM micrograph of NY66/PC (10/90 wt%) with polycaprolactone after 

extraction of NY66 with trifluoroethanol. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-32. SEM micrograph of NY66/PC (5/95 wt%) with polycaprolactone after 

extraction of NY66 with trifluoroethanol. 

(a) Magnification : 500 

(b) Magnification : 3100 
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Figure 3-33. SEM micrograph of NY66/PC (50/50 wt%) without polycaprolactone. 

(a) 5 min melt blending 

(b) 10 min melt blending 



CHAPTER 4. Thermomechanical Analysis 

 

In this chapter, two kinds of DMTA mode are used to calculate the loss tangent or Tg of the 

blends.  The measured Tgs show the relationships between composition and compatibility 

of NY66/PC blends, in which overall immiscibility is shown except NY-rich compositions.   

 1. Introduction 

The mechanical properties of materials are an essential guide to their suitability for 

particular usage, and indicate how the material has been treated before testing.  The 

molecular nature of the material will be most important in determining the mechanical 

properties.  For example, the behaviour of plastics will be very greatly influenced by their 

chemical structure, their blending and the way in which they have been fabricated.  The 

mechanical methods divide into two cases, depending on whether the forces applied are 

constant or varied.  Very often, the parameters and properties which are measured are 

specific to the method, but can still be extremely useful in comparing materials.  This is the 

technique in which the storage modulus and loss modulus of the sample, under oscillating 

load, are monitored against time, temperature or frequency of oscillation while the 

temperature of the sample in a specified atmosphere is programmed.  The experiment is 

normally carried out in such a way as to maintain the dynamic strain constant, although 

constant stress experiments are also used sometimes.  When constant strain is used, the 

deformation is usually of the order of a few percent or less. 
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1-1. Apparatus 

The Dynamic Mechanical Thermal Analysis mechanical spectrometer allows the 

viscoelastic properties of solid and fluid samples to be studied when subjected to a small 

amplitude sinusoidal stress.  Samples may be in the forms of rectangular bars, fibers, 

cylinders or fluid. 

Rheometric (Polymer Laboratories) DMTA M MK 3 comprises the following units as 

shown in Fig.4-1 : (a) Mechanical Measurement Unit, (b) DMTA Analyzer, (c) 

Temperature Controller, (d) Control Computer, (e) Cryogenic system. 

 

Figure 4- 1. View of Dynamic Mechanical Thermal Analysis unit. 

 

Its systems can be operated in many modes, as illustrated in Fig.4-2 (a) and (b).   

Flexure may be measured by single and double cantilever bending, and three-point 

bending.  Shear and extension modes may also be studied by simply changing the 

clamping configuration.  Torsion requires an instrument dedicated to this mode.  Flexure is 
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preferred for high-modulus materials, as measurable deformations may be achieved with 

comparatively modest forces.   

Figure 4-2. Rheometric (Polymer Laboratories) DMTA.  (a) Measurement Unit (b) Types 

of Sample Clamps and Measuring Modes  

 

It is advisable to avoid the use of very high applied forces as these may cause the clamping 

system to deform significantly and thus introduce errors.  Extension is clearly preferable 

for fibers and thin films.  To avoid buckling, these sample types should be kept a constant 
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stress so that at no point in the deformation cycle does the instrument attempt to compress 

the sample.  If a constant dynamic stress is being carried out, the dynamic stress will 

change as the modulus of the sample changes.  The static stress must then change the 

dynamic stress to avoid buckling.  Usually they are kept at a fixed ratio of 1.1 ~ 2 so that 

they remain in concert. 

 

1-2. Basic theory 

If an oscillatory sine-wave stress is applied to a perfectly elastic solid, the deformation and 

the strain will be exactly in phase with the stress.  When the same oscillatory stress is 

applied to a viscoelastic solid, the strain lags behind the stress and is out-of-phase by an 

angle δ.  The complex dynamic modulus (  in extension mode) must be used: ∗E

  ∗ = ′ + ′′E E iE  

where ′E  is the storage modulus, ′′E  is the loss modulus. 

The loss tangent is the tangent of the phase angle and  

  tanδ = ′′ ′E E  

These are illustrated in Fig.4-3.  The values of the moduli will change with temperature as 

the molecular motions within the material change.  Chain and side-chain motions of 

polymers and especially glass transitions will affect the moduli and tanδ and increase of 

frequency will also show a shift of the moduli and tanδ up the temperature scale. 
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Figure 4-3. (a) Sinusoidal stress and the strain response curve, showing the phase angle 

lag, due to the viscoelastic behaviour.  (b) The relationship between the 

complex modulus. 

 

The design of the instrument may allow fixed frequency where the frequency and 

amplitude are selected by the operator, or resonant frequency operation, where the 

instrument allows the sample to oscillate at its natural resonant frequency.  Instruments 

like the torsional pendulum and torsional braid analyzer generally operate in this mode.  

Several different types of dynamic mechanical analyzers (or dynamic mechanical thermal 
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analyzers) are commercially available, and their designs vary considerably.  Ideally, it 

should be possible to make measurements with several different vibrational frequencies, 

with different clamping arrangement, at different temperatures, and to apply the technique 

to materials with a very wide range of moduli.  The frequency range used is generally 

between 0.01 and 100 Hz. 

 

1-3. Applications 

As a polymer passes through its glass transition temperature, Tg, the storage modulus 

usually decreases by two or three orders of magnitude, and tanδ goes through a maximum.  

Why should this be so?  The decrease in the moduli occurs when there is main chain 

molecular motion and the maximum in tanδ occurs when the frequency of the forced 

vibration coincides with the frequency of the diffusional motion of the main chain.  DMTA 

is very much more sensitive than DSC or other thermal techniques for studying the glass 

transition. 

For many polymers, in addition to the glass transition there are secondary transitions 

observed at lower temperatures.  By convention, going down in temperature from the melt, 

the glass transition is also referred to as the alpha transition, then at lower temperatures, 

beta, then gamma.  For example, in amorphous polyvinyl chloride the alpha or glass 

transition is associated with relaxation of the main backbone chain and occurs at about 88 

oC at 1 Hz, while the beta transition gives a broad tanδ peak at about -35 oC and is due to 

motion of small groups, and the gamma peak at -110 oC is also broad and due to motion of 

small chain segments.  The effects of moisture on these transitions may be investigated by 



Chapter 4. Thermomechanical Analysis  97

DMTA.  For example, for NY66, a polymer with polar groups, the glass transition is 

shifted from 70 oC under dry conditions to about 0 oC under 100% humidity. 

DMTA is often used to examine the degree of the phase separation to be found when two 

polymers are mixed together.  Where two distinct Tg transitions are found that have the 

same values as pure materials, then complete phase separation can be inferred.  If a single 

glass transition is observed at a temperature intermediate between the values for the two 

pure materials, then polymers are generally said to be miscible and intimate mixing has 

occurred.  A common expression that is used to relate the Tg  of the blend to the 

composition of the blend and the values for the component is Fox equation: 

  1/ Tg,C = WA/ Tg,A + WB/ Tg,B 

where Tg,C, Tg,A and Tg,B are the glass transition temperature of the blend, component A, 

and component B, respectively, W

B

A is the weight fraction of A and WB is the weight 

fraction of B. 

 

2. Experimental 

The specimens, 10*35*2.5 (W*L*H mm3), were sliced from the original moulded samples 

in compositions ranging from 95/5 to 5/95(NY66/PC wt%) with polycaprolactone, and 

70/30, 50/50 and 30/70 without polycaprolactone. 

The samples between 95/5 and 60/40 in composition were tested under 3-point bending 

mode, in which each sample was heated from -20 oC to 180 oC, held for 5 min at 180 oC 

and cooled from 180 oC to -20 oC using 3 N force at a frequency of 3 Hz.  The rest of 

samples ranging from 50/50 to 5/95 were investigated by tensile mode because of huge 



Chapter 4. Thermomechanical Analysis  98

deformation in 3-point bending mode after the compositions of 50/50.  In tensile mode, 

specimens were heated from -20 oC to 180 oC using 6 N force at a frequency of 3 Hz. 

 

3. Results and Discussion 

Table 4-1. ~ Table 4-3. show the Tg Values of polycaprolactone-added and -unadded 

NY66/PC blend measured by bending and tensile mode.  These data using two kinds of 

modes must not be directly comparable since conditions are different.  Nevertheless, the 

general features correspond well. 

 

Table 4-1. Tgs of the polycaprolactone-added NY66/PC blends (based on 5 wt% PC) 

measured by 3-point bending mode. 

NY66/PC(wt%) Tg NY66
1 TgPC

1 Tg NY66
2 TgPC

2 Tg NY66
3 TgPC

3

100/0 68.0  61.4  85.1  
95/5 69.0 124.4 63.4 130.7 80.7 142.2 

90/10 65.1 142.8 56.6 137.6 75.3 144.4 

80/20 56.5 143.5 53.7 112.0 73.5 149.0 

70/30 53.4 137.5 49.9 120.5 73.3 146.8 

60/40 54.0 140.6 47.8 111.8 72.2 144.1 

50/50 51.3 142.5 46.4 119.3 68.7 137.7 

Supscript : 1  first heating scan,  2  cooling scan,  3  second heating scan 
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As shown in Fig. 4-4, Tgs of the polycaprolactone-added blend measured by 3-point 

bending mode in compositions ranging from 100/0 to 50/50 exhibit the gradual decrease in 

Tg of NY66 during the first heating scan as the proportion of PC increases, which indicates 

the influence of PC fraction on the Tg of NY66 in the blend.  Tg of PC decreased abruptly 

in the composition of 95/5 (NY66/PC wt%), which may arise from the interchange 

reaction and partial miscibility in Nylon-rich region of the blend.  In the cooling scan, an 

overall decrease in Tg of NY66 and PC were observed, compared to the first heating scan.  

Tg of NY66 increased largely in the second heating scan.  By contrast the change in Tg of 

PC was small in second heating scan. 

 

T g   ve rsu s  C o m p o s itio n

P C  w t%

0 1 0 2 0 3 0 4 0 5 0 6 0

T g/O
C

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

T g  P C

T g  N Y 6 6

Figure 4-4. Tg against composition in the first heating scan of 3-point bending mode. 
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Table 4-2 indicates that Tg of both component polymers in polycaprolactone-unadded 

blend are higher than those of polycaprolactone-added blend, which means that 

polycaprolactone makes the glass transition temperatures of the blend decrease and serves 

as a plasticizer in the NY66/PC blend. 

Table 4-2. Tgs of the polycaprolactone-unadded NY66/PC blends measured by 3-point 

bending mode. 

NY66/PC(wt%) Tg NY66
1 TgPC

1 Tg NY66
2 TgPC

2 Tg NY66
3 TgPC

3

70/30 61.1 162.2 52.7 132.2 75.0 161.7 
50/50 60.0 159.3 45.7 136.5 68.6 163.7 

Supscript : 1  first heating scan,  2  cooling scan,  3  second heating scan 

As shown in Fig.4 -5 and Table 4 -3, Tgs of the polycaprolactone-added blend measured by 

tensile mode in the compositions ranging from 50/50 to 0/100 show a gradual increase in 

Tg of PC as the proportion of PC increases.  By comparison, Tg of NY66 was not changed 

much and detected well. 

Table 4-3. Tg s of NY66/PC blends measured by tensile mode. 

NY66/PC(wt%) P-cap added P-cap unadded 
 Tg NY66 TgPC Tg NY66 TgPC

50/50 60.1 147.2   
40/60 59.9 159.3   

30/70 59.3 159.7 60.2 158.3 

20/80 - 165.8   

10/90 - 162.1   

5/95 - 167.7   

0/100  167.8   
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T g   ve rsu s  C o m p o s itio n

P C  w t%

4 0 5 0 6 0 7 0 8 0 9 0 1 0 0 1 1 0
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4 0
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8 0

1 0 0
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1 4 0

1 6 0

1 8 0

T g  P C
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Figure 4-5. Tg against composition in tensile mode. 

 

4. Conclusions 

Two Tgs are present at the compositions ranging from 95/5 to 50/50 (NY66/PC wt%) in 3-

point bending mode and from 50/50 to 30/70 in tensile mode.  Tg of NY66 was not 

detected in compositions between 20/80 and 5/95, and Tg of PC was decreased largely in 

95/5.  These results might suggest existence of two amorphous phases in most 

compositions but partial miscibility of each abundant proportion of component.  In 3-point 

bending mode, polycaprolactone reduces both Tg of NY66 and PC, serving as a plasticizer 

in the blend. 



CHAPTER 5. Summary and Conclusions 

1. General 

The purposes of the Nylon-group polymer blends are largely divided into four according to 

the impact resistance and heat resistance.  The first is the blend of Nylon and a polymer 

having lower glass transition temperature to improve impact resistance; for example, 

Nylon blend with metamorphic polyolefin.  The second is to improve heat resistance: for 

example, adding reinforcing agents such as glass fiber.  The third is the blend of Nylon and 

a polymer having higher glass transition temperature to improve both impact resistance 

and heat resistance.  One of the recent famous example is Noryl GTX of GE (blend of 

polyphenylene oxide and polystyrene).  The last is to improve the special properties such 

as water absorption of Nylon except the impact resistance and heat resistance.  The Nylon-

group polymer/PC blends in this experiment are largely classified into the third, but these 

blends also supplement each polymer’s disadvantages like PC’s high abrasion and hard-

painting properties, and Nylon’s high water absorption. 

 

2. Mechanisms of Interchange Reaction 

Several studies has been made on the interchange reactions between Nylon and PC above 

their melting temperatures.  Generally, the reaction between active amino end group of 

Nylons and carbonate groups , as shown in Fig 5-1, was likely to occur between 240 and 

280 oC according to the kind of Nylons.  However, the interchange reaction between the 

inner amide groups and carbonate groups, might also occur above 300 oC as illustrated in 
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Fig 5-2.  In melt blending these reactions are in fact both occurring above 300 oC, although 

only the cleavage of carbonate groups by means of Nylons’ amino end groups is actually 

occurring at 240 ~ 280 oC.  One interesting aspect that pertains to the NY/PC system is that 

the two polymers are only partially miscible.  However, the formation of a copolymer  in 

the processing acts as a compatibilizer for the two homopolymers, thus improving the 

mechanical properties of the Nylons and PC blocks.  The amount of urethane units 

increases with reaction time, indicating a reduction of block size as a function of the extent 

of interchange reaction.  These increased low molar mass block and graft copolymers, 

which serve as a plasticizer, cause the decrease in Tg of PC and reduction of overall 

crystallization rate of Nylons. The initial formation of a block NY/PC copolymer having 

interconnecting urethane units results in a reduced thermal stability of the material.  The 

urethane units are thermally unstable when kept for long times at the reaction temperature, 

and yielding highly reactive diisocyanate end groups.  The thermal dissociation of urethane 

groups in isocyanate and phenol is well known as shown in Fig 5-3(1).  Once formed, 

isocyanate units are very reactive and may undergo a variety of reactions  relevant to the 

melt mixing process as illustrated in Fig 5-3.  This process might explain the degradation 

of the blending materials in the NY/PC blends after long melt reaction times. 
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Figure 5-1. Interchange reaction between active amino terminal group and carbonate 

group. 
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Figure 5-2. Interchange reaction between inner amide group and carbonate group. 
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Figure 5-3. Thermal reaction of urethane and isocyanate groups. 

 

3. Conclusions 

Interchange reactions and morphology in a partially miscible blend composed of 

bisphenol-A-polycarbonate and Nylons, with and without polycaprolactone, have been 

investigated by the use of DSC, SEM and DMTA.   

DSC results show that NY6 is faster than NY66 in interchange reaction with PC and 

incorporation of polycaprolactone improve the compatibility of NY66 with PC.  At longer 

heat treatment time, Tgs of both component polymers approach each other, which suggest 

interchange reaction occurs between two immiscible homopolymers, making them 
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homogenize and resultant block and graft copolymers serve as a link between two 

polymers. 

The general features of incompatible and biphasic system were displayed by Scanning 

Electron Microscopy in the morphology of the NY66/PC blends without polycaprolactone.  

In Nylon-rich blends, there is less gap between globule PC and matrix NY66, while PC-

rich blends have a clear gap between the boundaries of NY66 and PC.  The formation of 

voids can be explained considering the different volume contraction occurring during the 

thermal transitions of the two polymers.  Due to the fast cooling in the mould, the 

segregated NY66 crystallizes inside an almost glassy matrix.  The full crystallization of the 

polyamide domains causes a volume decrease larger than the thermal shrinkage of the PC-

phase.  Polycaprolactone changes the morphology of NY66/PC blend in several respects.  

Throughout the range of composition, distributed globule sizes become small and 

deviation of the globule sizes is decreased.  This implies that polycaprolactone serves as a 

thermodynamic plasticizer controlling the particle size, and it can reduce the melt viscosity 

of the PC.  In PC-rich blends with polycaprolactone the formation of voids between the 

matrix and globules is shown clearly.  It suggests that no interchange reaction occurs 

between the two polymers and two distinct phases make blends incompatible.  However, it 

is in NY66-rich blends with polycaprolactone that fewer voids are shown, particularly in 

95/5 and 90/10.  It suggests that an abundance of amino end groups, which are plasticised 

by polycaprolactone, enhances the probability of interchange reactions between the two 

homopolymers, probably with the formation of adhesion promoting coplymers. 

Two kinds of mode, 3-point bending  and tensile mode, are used in Dynamic Mechanical 

Thermal Analysis.  Two Tgs are present in most compositions except those between 20/80 

and 5/95 (NY66/PC wt%), in which Tg of NY66 was not detected.  Tg of PC was decreased 
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largely in 95/5.  These results may explain immiscibility in most compositions and partial 

miscibility of each abundant proportion of component, which maybe enable an interchange 

reaction.  Polycaprolactone shows a huge effect in lowering Tgs of NY66/PC blend. 

 

4. Recommendations for further work 

This research was aimed at investigating the interchange reaction and mechanical 

properties of NY66/PC blend with polycaprolactone.  Recommendations for further work 

include : 

1. Qualitative analysis of Nylon/PC copolymer produced by interchange reaction using 

NMR  and FT-IR. 

2. Thermal degradation study of the Nylon/PC blends running TG (Thermogravimetry) 

and DPMS (Direct Pyrolysis Mass Spectroscopy). 

3. Investigation of  a degree of crystallization by XRD (X-ray Diffraction). 

4. Further investigation of mechanical properties testing tensile strength, flexural 

strength, Izod Impact, Vicat softening point and MI (Melt Index). 
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